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Synopsis 

The computer programmes have been developed to calcu- 
late the martensite volume fractions of the dual phase steels 
in complete equilibrium and local equilibrium no-partition 
conditions, A large number of steels, for which the experi- 
mental martensite volume fraction values are available in the 
literature, are chosen to test our predictive methods. The 
predicted values show a good overall correlation with the 
observed values. The agreement between the observed and the 
predicted values is better with local equilibrium no-partition 
calculations at lower martensite volume fractions. But at 
higher volume fractions the agreement is better with the 
complete equilibrivim values. The calcxxLated martensite volume 
fraction values on the basis of the observed values rationalie : 
the existing theories of the ferrite transformations, 

A 0.22 C-1,4 Mn steel has been studied for the 
martensite volume fraction values. It e:xhibits that the 
martensite volume fraction increases as a function of inter- 
critical annealing temperature and time and tends towards equi- 
librium for higher intercritical annealing times. Our observa- 
tions do not predict the mechanism of transformation as the 
holding times at intercritical temperature were not sufficient 
to maintain the complete equilibrium. However, the martensite 
volume fraction values are almost equal formed by both inter- 
mediate quenching and intermediate normalising methods. 



Chapter 1 


Introduction 


Dual phase steel was originally suggested by Rashid^ 
and is currently a material of commercial interest for auto- 
motive applications. This interest originates from the 

denand for lighter more fuel efficient vehicles. For this 

2 

very reason General Motors have recently introduced these 
steels for the manufacture of the components of their vdiicles. 

3 

The total weight saving is estimated about 18% of the compo- 
nent's weight. Dual phase steels combine high strength of 

conventional steels with good formability; approaching that 

3 

of plain carbon steels. Dual phase steels^ so-called because 
they essentially consist of a dispersion of martensite in a 
ferrite matrix/ are produced by inter critically annealing 
(usually in a continuous annealing furnace) and cooling at 
such a rate as to give the desired stiructure. These steels 
contain low carbon (C around 0.1%) with or without the micro- 

4 

alley additions , Although multiphase steels have been the 
subject of interroittant research for decades, dual phase 
steels developed in their present form are quite recent and 
their development can be traced back to the work of Grange^. 

He showed that the creation of martensite in a ferrite 
matrix after quenching from an intercritical annealing 
temperature resulted in a material with reduced YSA^TS ratio 

and considerably improved uniform elongation. Later inves- 

6 ■ ' 

tigations by Matauoka and Yamamori and others suppoirted the 


2 


results of Grange# and further showed that ferrite martensite 
dual-phase steels have high work hardening rates and improved 
UTS-elongation combination. To the first approximation the 

7 

strength of the dual phase steels can be written as 


a 

c 


cr . V 
m m 


(1 - V ) 
0£ m 


where cr and are the strength of martensite and ferrite 
m 

and V and (1 - V ) are their respective volume fractions, 
mm 

In general# the ductility also follows the same relationship# 


but in an inverse manner to that for strength. But recently 

8 

Rizk and Bourell have modified this relationship to give 


(5 

c 


V^«Jf 


+ cr , ) + V 
dm m 


cr 

m 


where# the additional term cr, is the contribution to the 

dm 

yield strength of ferrite because of the additional disloca- 


tion distribution in the ferrite due to the martensite trans- 


formation. The addition of dislocation density term theore- 
tically enhances the mechanical strength of dual phase steels 
by a factor that is a function of martensite volume fraction. 


The mechanical properties typical of# and desirable in# a dual 


phase steels include; 

1. the absence of a yield point i.e.# continuous yielding 
behaviour (Rashid^) 

2. a yielding stress lower than that of the other steels of 

comparable ultimate tensile strength (Davies ) 

9 10 

3. a high initial work hardening (Davies and Gerbase et al 

9 3 

4. a high uniform elongation (Davies # Davies and Magee ) . 

The continuous yielding behaviour and the depressed 
yield stress are ascribed to residual stresses resxxLting from 


3 


the austenite to martensite transformation (although other 

esqjlanations for this behaviour have been suggested by Gerbase 
10 

et al ) . The amount by which the yield stress rs decreased/ 
increases with martensite volume fraction at low volume frac- 
tions (less than 5 %) with a low yield strength to ultimate 
tensile strength ratio being maintained to much larger volume 
fractions. The ultimate tensile strength increases with 
martensite volume fraction while the uniform elongation 
decreases with mairtensite volume fraction. As a result, the 
volume fraction of martensite in the steel must be selected 
to provide the optimal combination of these two properties. 
Typically this optimal volume fraction is between 10 to 20% 
(Araki et al^^). 

Dual phase steels can be produced in any of the 
following ways.^^ 

(1) Continuous annealing of hot or cold rolled sheets 

(2) Step quenching 

(3) Intermediate quenching 

(4) Intermediate normalising. 

Continuous annealing results in a relatively high 
cooling rate (using gas or water quenching ) and as a result 
lean to moderate alloy steel is used since a large amount of 
hardenability is not required to produce the desired marten- 
site plus ferrite structure. The step quenching leads to the 
formation of ferrite islands frcm austenite during cooling to 
the intercritical tatiperature range. In the further step 
of cooling, the renaining austenite transforms to the marten- 
site to yield the desired structure. Intermediate quencfliing 


4 


and normalising means the cooling of the steel from austeni- 
tising temperature in a quenchant and air respectively/ 
thereafter/ heating to intercritical range and cooling in a 
quenchant. Here/ the dual phase structure is developed by 
formation of ferrite and austenite islands during heating 
from the starting structure of the martensite. Then on cooling/ 
the austoiite transforms to martensite resialting in a desired 
structure. 

Properties of dual phase steels are function of the 
volume fraction of martensite. The amount of martensite in 
dual phase steels is approximately equal to the amount of 
austenite formed during the intercritical annealing. The 
objective of this work is to calculate the volme fraction of 
austenite formed during the intercritical annealing as a 
function of temperature and alloy composition. The prediction 
of the austenite volume fraction involves the calculation of 
the two phase (a + y) phase equilibria in multi-camponent 


steels. 



5 


Chapter 2 

Literature Review 

Dual phase steels are prepared employing the following 

methods ; 

(1) Continuous annealing of hot or cold rolled sheets 

( 2 ) St ep . quenching 

(3) Intermediate quenching 

(4) Intermediate normalising. 

All of these methods involve austenite formation and there* 
after# nucleation and growth of ferrite from austenite. Which 
occurs through the diffusion of carbon and alloying elements 
from one phase to another. 

2*1 Formation of . Aust enit e 

The formation of austenite in completely pearlitic 

13 14 

steel has been discussed by Speich et al and Hillert et al. 
However# the formation of austenite in the intercritical temp- 
erature range with a ferrite pearlite starting microstructiore 
differs from these cases# In this situation# the austenite 
Oontinues to grpw after dissolution of the pearlite is 
complete. This situation is the characteristic of that 
which exists during intercritical annealing of the most of 
the dual phase steel sheets. The various steps that may 
occ\ar durinq the transformation of the ferrite-pearlite 
structure into a ferrite- austenite structure are shown sche- 
matically in Figure 2.1. The first step consists of nuclea- 
tion of austenite at the f errit e/cement it e interfact^i in the 
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pearlite and the growth of austenite into pearlite until 

pearlite dissolution is complete. The nucleation of austenite 

13 

occurs instantaneously with almost no nucleation barrier, 

so that the nucleation of austenite is not considered to be 

a rate controlling factor. The rate of the growth of austenite 

in this step is controlled primarily by the rate of carbon 

diffusion in the austenite between adjacent pearlite-cementite 

lamellae, but may also be influenced by diffusion of substitu- 

14 

tional elements at low temperatures . 

At the end of first step, a high carbon austenite is 
generated which, however, is not in equilibrium with ferrite. 
Subsequent growth of this austenite into the ferrite to 
achieve partial equilibrium with the ferrite constitutes a 
second step. The slower growth of austenite in this second 
step may be controlled either by carbon diffusion in the 
austenite as in step 2a in Figure 2.1, or by the alloying 
element diffusion in the ferrite as in stt^ 2b. In the third 
and final step, very slow final equilibration of the ferrite 
and austenite is achieved by the alloying element diffusion 
through the austenite (the diffusion rate of manganese in 
austenite is about three orders of magnitude slower than that 
in ferrite) . 

Speich et al^^ have constructed a diagram for the 
austtaiite formation for the 0,12 C-1,5 Mn steel, which is 
shown in Figure 2.2. By referring to this diagram it is not 
only easy to establish the time for formation of various 
amounts of austenite but also tp quickly recognize the cont*- 
rolling kinetic processes at each stage of austenite formation. 
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can be drawn for all steels by carrying out the 


ics studies of austenite formation for those 


prO'S'- 


alioyi^^ 


alloys 

eletn<3f 


the 


Such 


Formation or Austenite Decomposition 

,yhe effect of alloying elements on the austenite to 
-^oid ferrite transformation in the Fe-C-X alloys has 
by many investigators. The result of both the 
and theoretical examinations is the emergence of 
, ^^j^jiguishable regimes which can be characterised by the 
or absence of partitioning of the substitutional 
.jjig element. 

jp the Fe-C-X systems# where X is a substitutional 

.^g element , carbon diffuses much faster than alloying 

^ Under such a condition the diffusion controlled 
nts- 

■ 4.0 decomposition reaction can take place in two ways, 
tii*' 

case# the alloying el<ament is partitioned between 
(austenite) phase and the product phase (phases), 
^^action is called partition reaction. In this case# 

A 


^^^j_on is slowed down considerably because of the rela- 
diffusion of the alloying element involved. In the 


tiv<3 

secod^ 

diff^^^ 


par <31 


af£e<^ 


j j^ase# the alloying element undergoes no long range 
,j,od ratio of the alloying element to iron 

same in the product phase (or phases) as in the 

iS 

o Hh. 

j^ase (Xj^/Xy^ = X^/Xy^) . The reaction is then 

V * 

j],ad t>y diffusion of carbon. An alloying element 

t-He reaction kinetics only through its thermodynamic 


on the driving force for the reaction. Such a 
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reaction is called no partition reaction. In general, the 
partitioning reaction must take place at low supersaturatio 
while the no partition reaction must take place at high 
super saturations. The actual temperature of the partition 
no-partition transition, if it exists, depends on the alloy 
system and composition. 

There is considerable evidence in the literature for 
a partition no-partition transition. Bowman"'' in 1946 raportad 
that no partitioning of molybdenum was detected during the 
formation of proeutectoid ferrite in a number of Fe-C-Mo 
alloys transformed between 650-750°C. Aaronson and Domain^® 
have studied the partitioning of the alloying elements between 
austenite and proeutectoid ferrite (or bainite) in a number 
of Fe-C-X systems. They detected no partitioning of X between 
austenite and the proeutectoid ferrite during the initial 
stages of transformation at every temperature studied in the 
case of Si, Mo, Al, Cr and Cu steels. However, they observed 
partitioning of X between austenite and proeutectoid ferrite 
at the temperatures above an individually critical temperature 

in Mn and Ni steels. 

Purdy et al^^ have studied the proeutectoid f^rbit*^ 
reaction in a number of Fe-C-Mn alloys and found zero parti- 
tioning of Mn at high supersaturations , while there was ■ 
definite evidence of partitioning at low supersaturations. 

If the reaction in the high super saturation, no-partition 
region is allowed to proceed for long times; the alloying 

elements will eventually partition towards the thermodynamic 

-.20 

This has been studi*^ al - 


equilibrium values . 



9 


21 

in the Fe-C-Mn system and by Sharma and Kirkaldy in the 
Fe-C-Ni system for the proeutectoid reaction. 

2.2.1 Theory of Partitioning 

The theory of partitioning of alloying elements during 

the austenite to ferrite transformation has been extensively 

22 

developed. Hultgren, in 1951/ first suggested that two types 
of ferrite could form during the isothermal decomposition of 
austenite in alloy steels. He noted that at relatively low 
supersaturations the rates of transformation were slow while 
at higher supers at urations they were much faster and that the 
high and low super saturation data could in many cases be repre- 
sented by separate C-curveS/ on the TTT diagrams. He proposed, 
therefore, that at low supersaturations the interface is in 
local equilibrium and the transformation required the equili- 
brium redistribution of the alloying elements. The ferrite 
produced under such conditions was called orthoferrite. At 
low temperatures, i.e., high supersaturations , the slow diffu- 
sing alloying elements could not redistribute and thus the 
transformation would proceed under carbon diffusion control, 
precipitating the ferrite of the same alloying content as the 
austenite. He called this non-equilibrium product, para- 
ferrite. Since this early work it has been found that the 

double C-curve does not necessarily imply that the alloying 

23 

element partitions in the region of the upper C-curve. 

Other reasons for the double C-curve (or the 'bay' in the 
C-curve) found in certain alloy systems have been suggested. 
However, the general conclusion of Hultgren, that during 
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proeutectoid ferrite reaction the alloying elements partition 
at relatively low supersaturations and not at higher super- 
saturations, remains valid. 

2.2.2 Para-Equilibrium 

25 26 ) 

Hillert and Rudberg have discussed the position 

of the para-equilibrium boundaries in ternary, Fe-C-X alloy 

25 

systons in more detail . Hillert has shown that the para- 

equilibrium tie line must satisfy the criterion that the para- 

equilibrium phase boundaries can be calculated from a knowledge 

of free energy surfaces. A true para-equilibrixm tie line 

must satisfy the criterion that the chemical potential of the 

high mobility element (carbon) must be the same in both of the 

phases, austenite and ferrite, while the ratio of the alloying 

element to iron remains constant in both the phases == 

}^/}^^) . The par a- equilibrium boundaries must lie within the 

27 

thermodynamically stable two phase field. Gilmour et al, 

21 28 

Sharma and Kirkaldy and Sharma et al have calculated such 
para-eqixilibrium boundaries for the Fe-C-Mn, Fe-C-Ni and 
Fe-C-Cr systems from basic thenmodynamic data. 

2.2.3 Local Equilibrium No-Partition 

Another way in which a no-partition reaction can 

occur is designated as the local equilibriim no-perition 

29 

condition. This has been described by Kirkaldy, Hilleirt 
and others. Under this condition the precipitating phase, 
dioring a diffusion controlled transf ormaticai in an Fe-C-X 
alloy, may have substantially the same alloying element 



composition as the original austenite phase and still ranain 

in complete chemical equilibrium at the interface. 

29 

Kirkaldy published solutions to diffusion equations 

for transformation in ternary alloys assuming local equili- 

19 

brium at the interface. Purdy et al extended these solutions 
of the diffusion equations for the Fe-C-Mn system to show that 
at low supers at ur at ions these solutions predict manganese parti- 
tion and low growth rates due to manganese diffusion control, 
while at higher supersaturations the manganese need not parti- 
tion and the transformation would be controlled by carbon 
diffusion . 

The position of this local equilibrium no-partition 

boundary in the ternary Fe-C-X phase diagrams has been further 

30 31 

considered by Coates ' and others. The construction of 

such a boundary is schanciatically shown in Figxire 2.3. The 

intersection of the carbon component — = Constant line) 

Fe 

from the ferrite end of a tie-line in the stable a + y two 
phase field and the extrapolation of the carbon iso- activity 
line in austenite from the austenite end of the tie line 
define a point of partition no-partition boundary. The locus 
of such points divides the two phase (a + y ) region into 
partition and no-paartition regions. Figure 2.4 shows the 
concentration profiles during the diffusion transformation, 
y to a in the Fe-C-Mn syston. 

2.3 High Supersaturation Region 

In the high supersatxiration no-partitioning range, 
the two no-partition criteria described abow-e coxxld ' exist , 
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which of these two possible conditions actually operate and 

under what circumstances has not been completely determined. 

30 31 

However, the problem has been discussed by Coates ' and 
others. The local equilibrium model, in general, looks more 
attractive because it postulates a thermodynamic eqiiilibrium 
across the interface where the mobility of atoms, in general, 
is much higher than in the bulk. However, at high reaction 
rates or very early times, the alloying element diffusion 
profile (spike) width in front of the growing interface calcu- 
lated according to the local equilibri\jm model approaches 

30 31 

atomic dimensions or less. ' In such a case the local 
equilibrium model beccsnes ambiguous, so the reaction may 
proceed under these conditions according to the para-equili- 
brium model. Figure 2.5 schematically shows the possible 
operative regions for the various conditions. 
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Chapter 3 

Calculation of the Austenite Volxane Fraction 


3 » 1 Thermodynamic Model 

Dual phase steels essentially consist of ferrite and 
martensite. But these two phases are not in equilibrium with 
each other. While the progenitor of martensite, namely, 
austenite happens to be in equilibrivim with ferrite at the 
intercritical annealing temperature. Therefore, to calculate 
martensite volume fraction, an assumption is made here that 
the complete austenite transforms to the martensite of same 
composition. But concommitantly some austenite remains 
untransformed, which is also taken in account with martensite. 
Therefore, actually the volvime fraction of austenite is calcu- 
lated and taken equivalent to the martensite volume 
fraction . 

Thermodynamically the partial molar free energies or 
chtanical potentials of the alloying elements and the solvent 
iron are equal in the two phases in eqiiilibrium, i.e. in 
ferrite (BCC) and austenite (FCC). Therefore analytically 
we have 

®i ~ ®i i = 0 to 7. (3.1) 

Numerical symbols 0 to 7 stand for Fe, C, Mn, Si, Ni, Cr, 

Mo and Cu respectively. is the partial molar free energy 
of the elonent 1 in the phase J?, More explicitly it can be 
written as 
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+ RT In 


or, ^ ~ 


(3.2) 

(3.3) 


where/ *^G^ Is the standard free energy, a? is the activity, 

is the mole fraction and is the activity coefficient of 

the alloying element i in the phase 

Considering a system composed of solvent 0 and n 

alloying elements i (at low concentrations), the first order 

32 

of Taylor expansion due to Wagner applied to the logarithm 
of the activity coefficient of every element in the neighbour- 


hood of = 1 yields expressions of the type 


, 0 - o 0 

In = In Y^ 


^ E^. . X^ 

jti J 


(3.4) 


where X, is again the mole fraction of the solute j, the 
^ a in/ 


coefficient E . . = ( — — ) 

-l-J 6 


is the interaction coeffi- 


^ = 1 


cient for the solute j and the solute i in a solution of 0 
a 

and Y^ is the activity coefficient of solute i existing at 

infinite dilution in a solution of solvent 0. The Gibbs-Dvflian 

relation can be used to express the activity coefficient of 

the solvent 0 in terms of the interaction parameters and mole 

33 


fractions of the alloying el«anents,' 
is 


The resulting expression 


In Y 


o 


1 ^ 
* * » # .A. jt « A 


= - i n 

^ 1=1, j=i 






(3.S) 


which on rearrangement yields a solution for 'I'fjie inter* 

action parameters have the Important property that the Maxwell 
relation holds, so that the interchangeability of indices is 


3 4 

valid, viz 
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(3.6) 


For a standard state of all alloying elements i/ 

o 0 

i = 1 to 7 at infinite dilution the activity coefficient 
is equal to unity and its logarithm is equal to zero; conse- 
quently we can rewrite equation (3.4) as 

01 ^ 

InYi = ~ E -Xi (3.7) 

J- J-J 

These interaction parameters can be expressed as a linear ~ 
relation if known at one tonperature which are summarised in 
Table 3.1. 

It is important to note that the data for the inter- 
action parameters are available for the types (i.e. self 

interaction) for i = 1 to 7 and for both phases concerned, 
and (i.e. carbon- alloying element) for j = 1 to 7 and 

for austenite only. The latter coefficients are used also 
for the ferrite (BCC) phase, the error introduced by the 
assiomption being small because the coefficients are multiplied 
by the very small concentrations of carbon in the ferrite. 

This is in accord with the practice used in previous publi- 

cations. ' All other parameters (i j D were set 

33 2 1 27 

equal to zero as in earlier work. * ' These latter 

simplifications, however, do not affect our results because: 

(a) The interaction of different s\ibstitutional elements 

shoiild be smaller compared to those between metal- 
carbon. . 

(b) Due to the different signs of the interaction parame- 
ters, the interactions may very well cancel each other. 
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(c) Our experience with the volume fraction calculations 

showed that generally the interaction parameters affect 

the volume fractions very nominally. So the error 

introduced, by not including the E. . (i ^ j 1) is of 

the same order as the experimental uncertainty in 

measuring the volume fractions. 

o Y o Y 

The quantities which are expressed as 

o oc— Y 

can also be expressed as function of tenperature 
(usually linear or linear logarithmic) as shown in Table 3.2. 

is calculated with the help of the tabulated values of 
free energy change (DSGFE) for solvent iron at different 
temp matures. The tabiolated values for different temperatures 
are given in Table 3.3. The expression employed for the calcu- 
lation of is: 

= DSGFE (J-1) + (DSGFE (J) - DSGFE (J-1 )). (T - TEMP(j-l))/ 
(TEMP ( J ) - TEMP (J-1 ) ) . 

3.2 Solution of the System of Thermodynamic Equations for 
the Volume Fraction of Austenite 

3.2.1 In Complete Squilibrixjm 

In the earlier part of the present chapter # the 
thermodynamic equations required for the calculation of 
martensite vpliame fraction and elemental composition have 
been discussed. In addition the activity coefficients were 
expressed as functions of the interaction parameters and the 
mole fractions of the alloying elements. With the aid of 
data calculated from equations given in Tables 3,1 and 3.2/ 
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we can now proceed to the solution of the thermodynamic and 
mass balance equations determining the martensite volume 
fraction and elemental composition of ferrite and martensite 
phases . 

composition 

When an alloy of given^is in complete equilibrium in 
the (0^ + Y ) two phase region, then in addition to the thermo- 
dynamic equations (3.1), it must also satisfy the following 

36 

mass balance equations : 

x“ . v“ + (1 - v“) = X° for i = 1 CO 7 (3.8) 

where, V® is the volume fraction of the ferrite phase in a 
dual phase steel. The volume fraction of austenite is 
(1 - V^) , Equation (3.8) yields 


= (X° - Xj“ . vV(l - v“) for i = 1 to 7 (3,9) 


This system of seven mass balance equations (3.9) 
and eicftit thermodynamic equations (3.1) consisting of 15 
unknowns can now be simultaneously solved for the volume 
fraction, V*^, and the compositicai of the ferrite and austenite. 

In terms of the non-zero interaction parameters we 
have the following analytic system of equations s 


o cc-Y 
A 

o 

RT 


1 - 


« In 


3 - a 

Z X. 
1 ^ 




1 - 


r 


f \ia 


.X? + xT £: Et .xT 

I X X ^ lx X 


- 1 ? t ¥ 




1 


.Yv2 


(3.10) 



18 


o„a-Y 

A 

= In 

^ * 

RT 


o a-Y 
A 

= In 

X? 

RT 

4 . 

4 


2" E, .X^ + 1“ E, .xT 

ll J. ll 1 


(3.11) 


:?.x? + E. .xfr 

Xl 1 lx X 


eX .xT 

XX X 


E .xX 

lx X 


(3.12) 


Equations (3.9)^ (3.10), (3.11) and (3.12) can be rearranged 
as follows for our calculations: 


xX . y 1 . Exp(A^) - x“ . yX 


= 0 for i = 0 to 7 


(3.13) 


and. 


X 


a ..a 


v'^ + xj (1 


> v«) - 


0 
X. 

1 


0 


where, A. 


o a-Y 

ZxGi 

RT 


for i = 1 to 7 


(3.14) 


for i = 0 to 7 


Now, in total, we have got 15 simultaneous, linear equations 
and 15 unknowns as and X?, xX i = 1 to 7. We can, there- ■ 

(X 

fore, solve it by expressing the X^ as functxons of tanper- 

ature T and xX as the original composition of the alloy and 

substituting these values in the final equation which contains 

a 

the only unknown V . Since an exact analytical solution 
cannot be found out we have to employ numerical techniques. 
Here, we employed two methods to solve this system. 

(1) By transferring all the terms to R.H.S. except X^, i = 

0 to 7 the system of equations (3.10), (3.11), (3.12) 
can be rearranged as: 

The coefficients E^^ are taken the same for the ferrite (alpha) 
and a-ustenite (gamma) phases and consequently no a and Y desi- 
gnation is used with then. 
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(1 - z - (1 - r x«).E^[-(i^ 


o^a-Y 7 

^ O _ x”^ ^ E X^ 


- \ I ^]Axh^ + X? r E, .X^ H- 1 J- e“.(x.)2,] 

2 ^ XX X 1 2 ^ 2 XX X 


o oc-Y 

xV . Expc:^ ^ z E^iXT - I E^.(X«)^) 


(3.15) 

(3.16) 


O a-Y 

. Exp ( 


+ e\^x| . E^.xj; - e“.x“ - E^.Xj^'-j (3.17) 


Equation (3.17) is reduced to this form because interaction 
parameter of one alloying element on the other except carbon 
(i.e. E^j = Ejj^ = 0 for 1 ^ j 1) are taken to be zero. 

Now by substitution method the equations (3.9)^ (3.16)/ 
(3.16) and (3.17) can be solved to yield ferrite volume frac- 
tion/ V*^/ and the elemental composition in both the phases. 

The computer programme is given in Appendix I . 

But since this programme diverges for the carbon more 
than 0.12 wt % we have to find out other solution/ which is 
valid for appreciable ranges of alloying element percentages. 
(2) This programme converges for the varying percentages of 
the alloying elements . Rut the total alloy content 
should be less than 5.0 wt % because we are dealing with 
dilute solutions. 

Here/ we employ equations (3.13) and (3.14). These 
equations are solved with the help of a subroutine/ for the 
solution of simultaneous linear equations/ stored in the 
library of the computer system DEC 1090. The calling name of 
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the subroutine is P04AAF in NAG file. The computer programme 
is given in Appendix II. 
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Both of these programmes are valid specifically 
for the C upto 0.77 wt Cu upto 2.7 wt %, Mn, Ni, Cr upto 
4.0 wt Si upto 1,0 wt % and Mo upto 2.0 wt % except the 
carbon for the first programme which diverges b^ond 0.12 wt 


% C. 


To calculate equilibrium Ae^ tatperature equations 

(3.10)/ (3.11) and (3.12) can be employed. Where, the system 

contains 8 unknowns; for i = 1 to 7 and T = Ae^. We can, 

therefore, solve it by expressing the >;? as f motions of 

temperature T and si±)stituting in the 8^ equation which 

contains only the unknown temperature T (= Ae^). The original 

programme for equilibrium Ae^ cal evil ation is made by Kirkaldy 
38 

and Baganis. By transferring all the R.H.S. terms involving 
x)^/ i = 1 to 7, the system of equations (3.10), (3.11) and 
(3.12) can be rearranged as 


o a-Y 

A Gq 
RT 


+ ln(l - 


7 

'T 


XV) - 


X 


2 


E — 

li i 2 


7 


E^^ . (xT)' 

X 


ind - >’ x«) - x“ I - I I 


(3.18) 


o a-Y 
A G 




.X? 

" X 


(3.18) 


and 
o a-Y 

' • + In(xY) + eJ.xI + E X^ = In(xf) + Ef x“ -4- E .X® 

1 xl J. xX X X XX 1 lx 1 


(3,20) 
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Since the xX, i = 1 to 7 represents the INPUTS to this 
■ 

programme. Equations (3. la)/ (3.19) and (3.20) can be written 
as 

7 7 

F (T/ E/ INPUT) = ln(l - E X?) -.X“ £ E .X? 

ft JL ^ ^ jL. 



- 1 T 

2 i 

E“.(x“i2 

11 1 

(3.21) 


= In(X^) 

7 


F^(T, E, INPUT) 

+ y' E x“ 

111 

(3.22) 

F^(T, E, INPUT) 

= ln(x“) 

+ e“ .X^ + E^ .x“ 

11 1 ll 1 

(3.23) 


In this form the system of equations can be solved 

by trial and error method. Starting from a trial temperature 

T^^ (1000°K or the one corresponding to plain Fe-C), equations 

(3.22) and (3.23) yield the seven unknowns X^, i = 1 to 7/ 
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employing the algebraic transf oimation iteration scheme. 

The numerical values of X?, i = 1 to 7 thus obtained can be 
substituted in equation (3.21) which in the following form: 


j2f(T) = 


F^(T/ 


INPUT) - ln(l - 


7 

T" 

1 


x“) 

X 


X^ 

X 


7 

I' 

2 


E, .X? 
li X 


+ 


1 

2 


1 

> 1 . 

1 


IX i 


(3.24) 


is now a single fxxnction of T. Equation (3.24) can now, 
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through Newton-Raphson technique, give a better approxi- 
mation T . The approximate T is now taken as trial 
new new 

temperature and the loop is repeated until the trial temper- 
ature and the derived one converge to the desired degree 
(usually within 1°K). This trial and error scheme usually 
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converges in less than 10 iterations. The computer programme 
is given in Appendix III. 

3.2.2 In Local Equilibrium 

When an- alloy is cooled below the transformation 
tenaperature^ it may transform with or without the partitioning 
of the alloying elements between the ferrite and the austenite. 
If it transforms witho'ut the pairtitioning of the alloying 
elements y but simultaneously maintaining the complete equili- 
brium between the two phases at the interface, then it is 
said to transform by local equilibrium as defined in the 
earlier chapter. 

Under these conditions the volume fraction of the 
austenite obtained during the intercritical annealing would, 
in general, be different than the calculated above for the 
complete equilibrium. A separate programme has been developed 
to calculate the austenite volume fraction under the local 
equilibrium no-partition condition and is described below. 

In the earlier part of this chapter, we have calcu- 
lated the austenite volume fraction and elemental composition 
of ferrite and austenite phases in complete equilibrium 

condition. For calculating the tie line in local equilibrivim 

V Xj CC CvHi 

condition we presume i = 2 to 7 and X^ as the 

OCL 

original composition of the alloy steel. But X^ is taken 
as X^ as the tie line passes through this point. In local 
equilibrium also the partial molar free energies or chemical 
potentials of the alloying elements and the solvent iron, 
at local equilibriiam Ae^ temperature T , are equal in two 
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phases. Therefore, equation (3.1) applies here too. Concom- 
mitantly, the ratio of the alloying element mole fraction to 
the mole fraction of solvent iron in the ferrite phase is 
constant/ as it has been defined in previous chapter. This 
ratio equals to the ratio of alloying element mole fraction 
to the mole fraction of solvent iron in the original alloy 
steel. Therefore, we have 




for i = 2 to 7. 


(3.25) 


Now the equations (3.1) and (3.25) can be rearranged as; 



Now, substituting our approximate mole fractions to the 
equations (3.26), (3.27), (3»28) and (3.29), this systam of 
equations can be solved to yield the elanental composition of 
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the ferrite and the austenite phases. Further to calculate 
the composition in local equilibrium no-partition condition, 
we have to employ the carbon iso-activity line calculations. 
Along the carbon iso-activity line the activity of carbon 
rCTnains vinchanged. In this solution the ratio of the alloying 
element mole fraction to the mole fraction of the solvent 
iron remains constant. Therefore, we end up with the following 
equat ions : 


. Exp( X * xT^) for i 


and. 


xf 

Fe 


x° 

X 


for i = 2 to 7 


1 to 7 

(3.30) 

(3.31) 


With the help of equation (3.30) the activity of carbon can 
be calculated and cajn be employed as such for calculating the 
new mole fractions In the austenite phase in local equilibrium 
no-partition condition. After rearrangement of equations 
(3.30) and (3.31) w« have 

. . exp[-( Z. • X^^)] (3.32) 

yP 

YN 1 YN 

^ for i = 2 to 7 (3 •33) 

^e 

YLf 

where, and x| are the mole fractions of the alloying 

el«3ments in the ferrite and the austenite phases in local 

YN 

equilibritm no-partition respectively. X^ is the mole 
fraction of alloying elonents in austenite phase in local 
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equilibrivim no-partition employing the carbon.. iso-activity 
line calculations . 

Equations (3,32) and (3.33) cannot give exact solu- 
tion analytically. Therefore, we have to employ an algebraic 

transformation scheme, where we substitute 5^^ = and 
YN ccL 

^i “ ^i is explicitly shown in Figure 2.3. By substi- 

tuting these values we get next set of iterations which is 
again substituted in equations (3.32) and (3.33) till we get 
the new set of values converging to the desired accuracy in 
comparison to the earlier ones (in our case the accuracy is 
0.000001). These sets of compositions in complete and local 
equilibrixim no-partition give us the tie lines in the two 
equilibrium conditions . 

To calculate the volxome fraction of austenite in 
local eqixLlibrium no-partition condition the following mass 
balance equation for carbon is employed: 



aL 




(1 





(3.34) 


A separate programme for local equilibrium no-partition calcu- 
lations is given in Appendix IV. 

Both of these programmes for complete and local 
equilibriian no-partition conditions can be used prolifically 
for the variety of steels limiting in the composition as 
defined in Section 3.2.1 of this chapter. 
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Chapter 4 

Results and Discussion 

A large nimber of steels, for which the experimental 
martensite volume fraction values are available in the liter- 
ature, were chosen to test oior predictive methods. The chemi- 
cal compositions of these steels and their calculated Ae^ 
temperatures are summarised in Teible 4.1. The martensite 
volume fraction values for these steels, predicted on the 
basis of complete equilibrixim and the local equilibrium no- 
partition are given in Table 4.2. Figures 4.1 and 4.2 show 
the plots between observed and the calculated (complete equi- 
librixam) martensite volume fraction values for these steels 
and in Figure 4.3 the observed martensite volume fraction 
values are plotted against the values calculated by assuming 
local equilibrium no-partitioning. The calculated chemical 
compositions of ferrite and martensite in complete equili- 
brium and local equilibrium no-paartition are also summarised 
in Tables 4.3 and 4.4. 

The martensite volume fraction values calculated by 
both the methods show a good overall correlation with 
observed values as seen in Table 4.2 and Figures 4.1 and 
4.3. For the observed martensite volume fraction values 
upto approximately 0.4, the agreement between the observed 
and the calculated values is better with local equilibrium 
no-partition calculations than the complete equilibrium 
calculations as seen in Figures 4.1 and 4.3. At higher 



27 


volume fractions the agreement seems to be better with the 
complete equilibrium values (Figure 4.2). In some cases (at 
higher volime fractions) the martensite volume fraction coxald 
not be calculated by the local equilibrium no-partition as 
the intercritical annealing temperatures for these steels 
were higher than the local equilibrium no-partition temper- 
atures . 

The austenite to ferrite transformation in the Fe-C-X 

systems from the supersaturated austenite has been studied by 

number of investigators. In general, this 

transformation occurs by local equilibrium no-partition 

mechanism, below the LENP Ae^ temperature. However, the 

partitioning of the alloying elements occurs on longer 
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transformation times. The work of Wycliffe show that also 
when a normalised steel is heated into the intercritical 
temperature range to obtain a dual phase steel, the reaction 
initially occurs without any partitioning of the alloying 
elements and the partitioning starts only after longer anne- 
aling times. If the intercritical annealing temperature is 
higher than the LENP Ae^ but lower than the equilibrium Ae^, 
the transformation would occur with the partitioning of the 
alloying elements, however , this reaction is very slow. 

Hence, we would genej^ally expect the martensite volume 
fraction values to be close to the local equilibrium no- 
partition calculations as is in fact observed for most of 
the steels (Figure 4,3). A situation close to ccmplete 
equilibrium during th« intercritical annealing may, however, 
be scxmetimes obtained when the annealing time is relatively 
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large and the structiare is relatively fine. This is more 
likely when the starting grain size is very fine or the steel 
is heated to the intercritical temperature from the quenched 
(martensite) state. When a steel is heated into the inter- 
critical temperature from the martensite structure, generally, 
a fine structure is observed. This is the situation for some 
of the steels, the observed volume fraction is between the 
LENP and the equilibrium calculations, quite a few of them 
being close to the complete equilibrium calculations. 

In conclusion, for any steel of a given composition, 
the programmes given in the appendix may be used to calcu- 
late the ejqjected martensite volume fractions. The LENP 
calculation gives the upper limit of the martensite volume 
fraction values and the complete equilibrixam calculations the 
lower limit. Generally, the martensite volume fraction values 
would be ejq^ected to lie close to the LENP calculations. The 
conditions, under which the values close to the complete 
equilibrium will be obtained, have been mentioned above. 
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Chapter 5 

Experimental Studies 

5.1 Introduction 

In the present work, a manganese steel was studied 
to observe its martensite volvane fraction at different temp- 
eratures for different holding times at the intercritical 
temperature. The dual phase structure was obtained by empl- 
oying intermediate quenching and intermediate normalising. 

The morphology of martensite formed on quenching from inter- 
critical temperature is also studied as a function of tanper- 
ature and time. 

5.2 Materials 

The 0,22 C and 1.40 Mn steel sheets of 10 mm thick- 
ness were cold rolled to 1.2 mm thickness with a reduction of 
10-15% in each cycle. Then the specim^s of 15 mm x 10 mm 
size were cut frc«n these rolled sheets. 

5.3 Heat Treatment 

5.3,1 Decarburlsatlon and Oxidation 

Decarbtnrisation and oxidation affect the micro- 
structure of thin specimens quite significantly. Therefore, 
a great precaution is needed to check these undesirable effects. 

Salt baths are widely used for the prevtaition of 
decarburisation and oxidation during heating of the specimens. 
Two different salt bath compositions are selected for 
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austenitizing and intercritical annealing treatments. The 
compositions of the salt baths are given in Table 5.1, Appro- 
ximately 2% Borax is added to each bath. Borax releases its 
combined water in the form of steam on heating. This resiolts 
in agitation of the bath and decreases in oxygen content of 
the bath* Graphite was also used to supplement the effect of 
Borax, 

5.3.2 Heat Treatment Processes 

Two methods were employed to develop the ferrite- 
martensite dual phase structure from the initial structure of 
ferrite + pearl it e: 

(1) Intermediate quenching 

(2) Intermediate normalising. 

(1) Intermediate quenching : All the speciraenswere heated 

to 950° C and kept at this temperature for half an hour in the 
first salt bath for complete homogenisation and then directly 
quenched in water at room t«arperature. Thereafter/ these 
specimens were again heated to 720 / 740 and 760°C in the 
intercritical annealing temperatiire range in the second salt 
bath and held at these temperatures for the period of 5 S/ 

1 m» 2 m/ 5 m and 10 m and subsequently quenched in water. 

(2) Intermediate normalising : All the specimens were 

aust^itised at 950° C for half an hour in the first salt bath 
and then cooled in air* Then the normalised samples were 
again heated to 720 , 740 aiad 760° C for the periods of 5 S/ 

1 m, 2 m/ 5 m and 10 m ih the second salt bath and subsequ- 
ently quenched in the water at rocxti temperature. 




31 


5«4 Metallography 

The treated specimens were tempered at 150°C for 
2 *Hrs # then polished and etched in Nital for microscopic 
studies • 

All the specimens were observed under optical and 
scanning electron microscope. The micrographs were taken on 
IS I 60 scanning electron microscope. 

Volume fraction measxirements were carried out at 
different positions on the metallographic specimens. Syste- 
matic point count method was utilised for the measurament of 
point fraction vhich can be directly related to the volume 
fraction. Square lattice^ containing 441 points, was used for 
the measurement of point fraction. Five measurements were 
made for each specimen and their mean was taken as the final 
value of volvime fraction. 

5.5 Results and Discussion 

The martensite volxme fraction values measured for the 
steel treated at different torperaturesf or different holding 
times are summarised in Table 5.2 and Figures 5.1 and 5.2. 

The martensite volume fraction increases as the time 
for intercritical annealing is increased and is almost equal 
in intermediate quenching and intermediate normalising as 
seen in Table 5-2 and Figures 5.1 and 5.2. The mechanism of 
transformatiOTi cannot be predicted with the help of the 
calculated and the observed martensite fraction values as 
the time for Intercritical annealing was not sufficient to 
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maintain the ^complete equilibrixim. That is why the observed 
values of martensite volume fractions fall below the calcul- 
ated values. 

The formation of martensite on intercritically annea- 
ling at 720° C for different annealing times is as shown in 
Figure 5.3* 
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Chapter 6 
Conclusions 


(1) The computer programmes have been developed to calcu- 
late the expected martensite volume fraction values 

in dual phase steels based on complete equilibrium and 
local equilibrium no-partition condition. 

(2) The observed martensite volume fraction values uptoc? 
0.4; the agreement between the observed and the calcu- 
lated values is better with local equilibrixom no- 
partition calculations. 

(3) At higher volume fractions the agreement is better 
with complete equilibrium calculations- 

(4) The correlation between the observed and the calcul- 
ated values has beeij rationalized on the basis of 
the theories of feryite transformation in alloyed 
steels . 
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TabLe 3.1 Interaction parameters 


s . 

No. 



Y 


1 

^11 

a 

^22 

3 

Y 

^33 

4 

^44 

5 

®55 

6 

eY 

®66 

7 

E77 

8 

®11 

9 

a 

^22 

10 

pCt 

®33 

11 

®44 

12 

®55 

13 

„a 

®66 

14 


15 

to 

16 

^31 

17 

®41 

18 

®51 

19 

®61 

20 

^71 


8910. OA 
-4950.0A 
(-3.0590A) 
-1870. OA 
330 .OA 
-2310. OA 
-72 60.0 A 
0,0 

-990. OA 
C-21787.0A) 
-1870.0 A 
-2970. OA 
-4290.0A 
-8910. OA 
-4950.0A 
126 50.0 A 
5170. OA 
-14080.0A 
-10670. OA 
41 80.0 A 


Ej^ression 


41.0377 + 9.873 logT 


+ 6.4544 + 5.2320 logT 
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Table 3.2 Free energy change for standard state at 

infinite dilution's 


s. 

No- 

Free energy 

f 

change J Expression (J/mole) 

1 

1 

t 

1 

iH 

-64111.4 + 32.158T 
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o a-Y 

A. ^7 

-106692.0 + 172.310T - 0,071T^ 

T in 

„ o a- 
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lable 4,3 


trdCLions of ferrHe' and martP'asi te, 
In comoiete pqulllbr laiii 



'jf '■’liaap C Mn Si imI Cr ' >io fu 

s t P =“ i ‘i 



I f-" .30028 ,01436 .UOOOB 


A ,01344 ,041 2Q ,0000/ 

2 F ,30035 .01240 .00020 

A .31 tjOi .03615 .UOOI / 

i F ,30048 .00049 ,00020 

A ,02208 .02949 .00017 
i F .00053 .00944 .00021 

A ,32391 ,02583 .0001/ 

5a F .00012 .01481 ,00477 

A .00385 ,03140 .00412 
D F ,0001 / .01510 ,0047b 

A ,00822 .03530 .00415 
r F .00022 ,01528 .00475 

A .00936 .03991 ,00419 

03 F .0002b .01087 .00478 






lil^» 


wifig 


02850 

01131 

02697 

01166 


.00 
.30 
,0111 
.3003/ 


.00404 
71 
00 
466 


,01499 ,031.09 .00399 
.00032 ,00910 ,00523 
,01021 ,01998 .00429 
,00037 *00952 .00508 
,01353 .02307 ,00419 
,00498 



46 



1 


f 


,00273 

^ ,00206 

P .OOu72 .0027*^ 

5 ,029«6 ,00754 

.0no7o .00276 
a .0337 7 .00«0?! 

P .00079 .00270 

a ,03/00 ,00?«0?3 

F .00031 .00273 

a .04225 ,00034 




34Sfii ,0il4l 
00047 ,00788 

oioos .02011 

O00aii.i,oi25o 






t 5a 


00083 

04583 

00063 


.00278 

,01007 

,0o304 


,02^43 .00746 
.00067 ,00307 
,1)2565 .00797 
,00071 ,00310 
.02920 .00853 
.00075 .00312 
,03303 ,00015 
.00078 ,00313 
■,03/07 .00083 
*00080 ,00314 
,04133 ,01058 
',30082 ,01141 


,34581 

,00047 



46a 


w w w 

* ^ w ^*iai 

'^mmm mm m'mmmmmmmmmmmmmmmm 

m m m m m- 

1 

1 

J 

1 

1 

1 

1 

1 

’m m m ' 




,^ha^b - ,019h7 

m 

m 

m' 

; 


h 

- ,OlbOy 

m 

m 

m‘ 

m 

T 1, 


,'7hy5i .0QR02 ,0:>0?b 

- 

m 

m‘ 

m 


'h 

.y2uD4 .02045 ,016:^5 

- 

m 


- ^ 

7i 

r 

.OOy^b ,00025 

m 

m 

- 



h 

.31750 ,0209? 

- 

m 

m' 

- 

7i 

r 

,30047 ,00703 

iW 

m 


mm 


k 

.3tyii ,01990 

• 

m 

- 

- 

?■* 

r 

,30352 ,00478 

m 

m 

m 



1 

.32215 .01290 

m 

' «p ’ 

m‘‘ 

mil 

7i 

■ F 

,30048 ,00837 

- 

m 

m' 

- 


k 

,31955 .02319 

m 

m 



7 b 

F 

,30041 .00995 

m 

- 

m ' 

- 


h 

.31724 .02703 - 


- 

- 

mm 


mm m mm 

mmmmmmmmmmmmmmmmmmrnmWm'm 


. i* » lit ^»!l* V 

rm'fmm 



Fs Ferrite phase 
M Aiistenlte(Martensite) phase 




47 


Table 4,4 
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lable S.i 
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